Broadly neutralizing antibodies (bNAbs), which develop over time in some HIV-1 infected individuals, define critical epitopes for HIV vaccine design. Using a systematic approach, we have examined neutralization breadth in the sera of about 1,800 HIV-1 infected individuals, primarily infected with non-clade B viruses, and selected donors for monoclonal antibody (mAb) generation. We then used a high-throughput neutralization screen of antibody-containing culture supernatants from approximately 30,000 activated memory B cells from a clade A-infected African donor to isolate two potent mAbs that target a broadly neutralizing epitope. The previously undescribed epitope is preferentially expressed on trimeric Envelope protein and spans conserved regions of variable loops of the gp120 subunit. The results provide a framework for the design of new vaccine candidates for the elicitation of bNAb responses.
We have screened serum from approximately 1,800 HIV-1 infected donors from Thailand, Australia, the United Kingdom, the United States, and several sub-Saharan African countries for neutralization activity and identified donors who exhibit broad and potent neutralizing serum activity (13, 14) . Monoclonal antibodies are currently being generated from these donors using different approaches. In this study, we used a high-throughput strategy to screen immunoglobulin (Ig)G-containing culture supernatants from approximately 30,000 activated memory B cells from a clade A infected donor for binding to monomeric recombinant envelope glycoproteins gp120 (HIV-1 primary isolate JR-CSF) and gp41 (HIV-1 strain HxB2) (trimeric gp120 and gp41 complexes, referred to as Env, mediate viral entry) and neutralization activity against HIV-1 primary isolates JR-CSF and SF162 (Table S1 ) (15) . The memory B cells were cultured at near clonal density, which enabled us to reconstitute the authentic antibody heavy and light chain pair from each culture well. Unexpectedly, 97.7% of B cell culture supernatants that neutralized HIV-1 JR-CSF and 46.5 % that neutralized HIV-1 SF-162 did not bind to monomeric gp120 JR-CSF or gp41 HxB2 , and only 2% of cultures with neutralization activity could neutralize both viruses ( fig.   S1 ). Antibody genes were obtained from five B cell cultures that exhibited differing functional profiles; one bound to gp120 and only neutralized HIV-1 SF162 (PGC14), two bound to gp120 and weakly neutralized both viruses (PGG14 and PG20), and two potently neutralized HIV-1 JR-CSF , failed to neutralize HIV-1 SF162 , and did not bind to gp120 or gp41 in ELISA (PG9 and PG16) (15) . Analysis of the antibody variable genes revealed two pairs of somatic variants, one of which contained long CDRH3 loops (PG9 and PG16) (Table S2 ). Long CDRH3 loops have been previously associated with polyreactivity (the ability to bind to a variety of structurally dissimilar antigens with moderate affinity) (16), thus we tested PG9 and PG16 for reactivity against a panel of antigens and confirmed that the antibodies were not polyreactive ( fig. S2) (15) .
All five antibodies were first tested for neutralization activity against a multi-clade 16-pseudovirus panel (table S3 ) (15) . Two of the antibodies that bound to gp120 in the initial screen (PGG14 and PG20) did not show substantial neutralization breadth or potency against any of the viruses tested, and the third antibody that bound to gp120 (PGC14) neutralized 4/16 viruses with varying degrees of potency. In contrast, the two antibodies that failed to bind gp120 or gp41 and did not neutralize HIV-1 SF162 in the initial screen (PG9 and PG16) neutralized a large proportion of the viruses at concentrations less than 1 µg/ml. The observation that 93.3% of B cell cultures that neutralized HIV-1 JR-CSF did not bind to gp120 or gp41 or neutralize HIV-1 SF162 suggests that this donor's NAb response against HIV-1 JR-CSF might be mediated by antibodies of the PG9 and PG16 type. We next evaluated PG9, PG16, and PGC14 on a large multi-clade pseudovirus panel consisting of 162 viruses to further assess the neutralization breadth and potency of these three antibodies (Table 1, (Table 1A , tables S4 and S5), and both mAbs showed an overall greater breadth of neutralization than b12, 2G12, and 2F5 (Table 1B , tables S4 and S5). At low antibody concentrations, PG9 and PG16 also demonstrated greater neutralization breadth than 4E10 (Table 1B) . Furthermore, both mAbs potently neutralized one virus (IAVI-C18) that exhibits resistance to all four existing bNAbs (table S4). Inspection of the mAb neutralization curves revealed that, whereas the PG9 neutralization curves usually exhibited sharp slopes, the neutralization curves for PG16 sometimes exhibited gradual slopes or plateaud at less than 100% neutralization ( fig. S3 and table S3 ). Although neutralization curves with similar profiles have been reported previously (17, 18) , the mechanism for this is not well understood. Comparison of the neutralization profile of the serum with the neutralization profile of PG9, PG16 and PGC14 revealed that these three antibodies could recapitulate the breadth of the serum neutralization in most cases (table S4) . For example, almost all of the viruses that were neutralized by the serum with an IC 50 > 1:500 were neutralized by PG9 and/or PG16 at <0.05 µg/ml. The one case where this did not occur was against HIV-1 SF162 , but this virus was potently neutralized by PGC14. times more potently than PG9. In some cases, the two antibodies also differed in neutralization breadth; PG9 neutralized nine viruses that were not sensitive to PG16, and PG16 neutralized two viruses that were not sensitive to PG9. Based on these results, it appears that this donor's broad serum neutralization might be mediated by somatic antibody variants that recognize slightly different epitopes and display varying degrees of neutralization breadth and potency against any given virus. Selection for these types of antibodies may reflect the immune system's response to an ever-evolving viral envelope target.
The inability of PG9 and PG16 to bind monomeric gp120 JR-CSF or gp41 HxB2 in the initial screen while potently neutralizing HIV-1 JR-CSF suggested that the epitope targeted by these antibodies might be preferentially expressed on trimeric HIV Env. This possibility was investigated by comparing the ability of PG9 and PG16 to bind monomeric gp120 from several different strains, artificially trimerized gp140 constructs, and trimeric Env expressed on the surface of transfected cells (15) . Although both antibodies bound with high affinity to cell surface Env, PG16 did not bind to any of the soluble gp120 or gp140 constructs and PG9 bound only weakly to monomeric gp120 and trimerized gp140 from certain strains (Fig. 1) . We hypothesized that PG9 and PG16 do not exhibit exclusive specificity for cleaved HIV-1 trimers because it has been previously shown that a substantial fraction of cell surface Env is comprised of uncleaved gp160 molecules (19) . Indeed, this was confirmed by the fact that both antibodies bound with high affinity to cleavage-defective HIV-1 YU2 trimers expressed on the surface of transfected cells ( fig. S4) 
(15).
These results suggest that there are significant structural differences between soluble, recombinant gp140 and uncleaved gp160 expressed on the surface of transfected cells.
We next sought to define the PG9 and PG16 epitopes. We suspected that they would recognize the same or overlapping epitopes because the two antibodies are somatic variants. Indeed, both antibodies competed for binding to HIV-1 JR-CSF transfected cells ( Fig. 2A) (15) . Soluble CD4, a soluble version of the receptor for Env, diminished binding of both PG9 and PG16 to cell surface Env, although neither antibody competed with the CD4-binding site antibody b12 for trimer binding ( Fig. 2A-B) . This result suggests that conformational changes induced by CD4 binding cause a loss of the epitope targeted by the antibodies. Competition ELISAs revealed that PG9 competed for gp120 binding with antibodies against the V2 and V3 variable loops of gp120, and to a lesser extent, with CD4i antibodies (which recognize an epitope on gp120 dependent on CD4 binding) (Fig. 2C and fig. S5 ) (15) . Neither PG9 nor PG16 bound to HIV-1 JR-CSF variants with deleted V1/V2 or V3 variable loops expressed on the surface of transfected cells, which further suggested that the variable loops are critical components of the epitopes (Fig. 2D) . To dissect the fine specificity of PG9 and PG16, alanine scanning was performed using a large panel of HIV-1 JR-CSF Env alanine mutants that have been described previously (20) (21) (22) (23) as well as several new alanine mutants. We generated pseudoviruses incorporating single Env alanine mutations, and PG9 and PG16 were tested for neutralization activity against each mutant pseudovirus (15). Mutations that resulted in viral escape from PG9 and PG16 neutralization were considered important for formation of the PG9 and PG16 epitopes ( Table 2 and table S6 ). On the basis of this data, and consistent with the competition experiments, residues that form the epitopes recognized by PG9 and PG16 are primarily located in conserved regions of the V2 and V3 loops of gp120 (table S6 and fig. S6 ). Certain co-receptor binding site mutations also had an effect on PG9 and PG16 neutralization, albeit to a lesser extent (table S6). PG9 and PG16 were largely dependent on the same residues, although PG16 was more sensitive to V3 loop substitutions than PG9. Interestingly, although neither antibody bound to wild-type HIV-1 JR-FL transfected cells, a D to K mutation at position 168 in the V2 loop of HIV-1 JR-FL generated highaffinity PG9 and PG16 recognition ( fig. S7 ). N156 and N160, sites of V2 N-glycosylation, were critical in forming the PG9 and PG16 epitopes because substitutions at these positions resulted in escape from antibody neutralization ( Table 2 and fig. S8 ). HIV-1 SF162 contains a rare N to K polymorphism at position 160 (which is non-permissive for N-glycosylation) and mutation of this residue to an N renders this isolate sensitive to PG9 and PG16 ( fig. S9 ). Deglycosylation of monomeric gp120 abolished binding of PG9 ( fig. S8 ), confirming that glycans are important, directly or indirectly, in forming the epitope (15) .
The preferential binding of PG9 and PG16 to native trimers could either be because their epitopes span more than one gp120 subunit or because the antibodies recognize a single subunit in a conformation that is stabilized on the trimer. To address this question, we studied the binding profiles of PG9 and PG16 to mixed HIV-1 YU2 trimers, in which two gp120 subunits contained point mutations to abolish binding of the two antibodies (15) . A third substitution that abrogates binding of 2G12, which binds with high affinity to both monomeric gp120 and trimeric Env, was also introduced into the same construct as an internal control. Cell surface binding analysis revealed that all three antibodies bound to the mixed trimers with similar apparent affinity compared to wild-type trimers and all binding was saturated at a similar lower level ( fig. S10 ). This result suggests that the preference of PG9 and PG16 for trimeric Env is due to gp120 subunit presentation in the context of the trimeric spike rather than gp120 cross-linking.
Others have shown that NAbs that bind to epitopes encompassing parts of the V2 or both the V2 and V3 domains can exhibit potency comparable to that of PG9 and PG16, although these antibodies have thus far displayed strong strain-specificity (17, 24) . Importantly, the epitopes recognized by these antibodies have been shown to differ from that of the clade B consensus sequence only by single amino acid substitutions, which suggested the existence of a relatively conserved structure within the V2 domain (17, 18) . Here, we have confirmed that this region serves as a potent neutralization target and demonstrated that antibodies that recognize conserved parts of V2 and V3 can possess broad reactivity.
Given that this is the first attempt at direct functional screening of such a large number of antibodies, it seems likely that the approach will generate further bNAbs, in particular those that bind poorly to recombinant forms of Env. The neutralization breadth exhibited by PG9 and PG16, particularly against non-clade B isolates, suggests that vaccine-induced antibodies of similar specificity might provide protection against a diverse range of the most prevalent HIV-1 isolates circulating worldwide. Furthermore, the exceptional neutralization potency exhibited by these antibodies in vitro suggests that antibodies of this specificity might provide protection at relatively modest serum concentrations achievable by vaccination. Immunogens designed to focus the immune response on conserved regions of variable loops in the context of the trimeric spike will determine whether these types of antibodies can be readily elicited by a vaccine. 99 Boxes are color coded as follows: white, median potency >50 µg/ml; green, median potency between 20 and 50 µg/ml; yellow, median potency between 2 and 20 µg/ml; orange, median potency between 0.2 and 2 µg/ml; red, median potency <0.2 µg/ml. # viruses  b12  2G12  2F5  4E10  PG9  PG16  PGC14  A  27  30  37  74  96  85  85  11  B  31  58  71  68  97  74  74  29  C  27  33  11  7  96  78  78  19  D  25  48  24  56  96  76  60  8   CRF01_AE   10  30  0  89  100  100  100  0   CRF_AG   10  30  50  80  100  80  60  10  G  15  13  20  80  100  87  73  7  F  15  0  21  87  100  67  64  13  Total  162  35  32  60  98  79  73 # viruses  b12  2G12  2F5  4E10  PG9  PG16  PGC14  A  27  0  4  4  0  70  63  0  B  31  32  39  23  0  45  42  3  C  27  7  0  0  11  56  48  0  D  25  12  8  12  8  48  44  0   CRF01 AE   10  11  0  88  80  70  70  0   CRF AG   10  10  30  60  30  40  50  0  G  15  0  0  27  0  60  33  0  F  15  0  14  13  28  80  79  0  Total  162  11  12  19  12  57  51 1 Boxes are color coded as follows: white, no viruses neutralized; green, 1 to 30% of viruses neutralized; yellow, 30 to 60% of viruses neutralized; orange, 60 to 90% of viruses neutralized; red, 90 to 100% of viruses neutralized. * CRF_07BC and CRF_08BC viruses are not included in the clade analysis, but are counted toward the total number of neutralized viruses, because there was only one virus tested from each of these clades. † Boxes are color coded as follows: white, the amino acid is identical among 0 to 49% of all HIV-1 isolates; light blue, the amino acid is identical among 50 to 90% of isolates; dark blue, the amino acid is identical among 90 to 100% of isolates. Amino acid identity was determined based on a sequence alignment of HIV-1 isolates listed in the HIV sequence database at http://hiv-web.lanl.gov/content/hiv-db/mainpage.html. ‡ C refers to constant domains and V refers to variable loops. § Neutralization activity is reported as fold increase in IC 50 value relative to WT JR-CSF and was calculated using the equation (IC 50 mutant / IC 50 WT). Boxes are color coded as follows: green, substitutions which had a negligible effect on neutralization activity; yellow, 4 -9 fold IC 50 increase; orange, 10 -100 fold IC 50 increase; red, >100 fold IC 50 increase. Experiments were performed in triplicate and values represent an average of at least three independent experiments.
